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Towed decoyAbstract Dynamic model of aerial towed decoy system is established and simulations are per-
formed to research the dynamic characteristics of the system. Firstly, Kinetic equations based on
spinor are built, where the cable is discretized into a number of rigid segments while the decoy is
modeled as a rigid body hinged on the cable. Then tension recurrence algorithm is developed to
improve computational efficiency, which makes it possible to predict the dynamic response of aerial
towed decoy system rapidly and accurately. Subsequently, the efficiency and validity of this algo-
rithm are verified by comparison with Kane’s function and further validated by wind tunnel tests.
Simulation results indicate that the distance between the towing point and the decoy’s center of
gravity is suggested to be 5%–20% of the length of decoy body to ensure the stability of system.
In up-risen maneuver process, the value of angular velocity is recommended to be less than
0.10 rad/s to protect the cable from the aircraft exhaust jet. During the turning movement of air-
craft, the cable’s extent of stretching outwards is proportional to the aircraft’s angular velocity.
Meanwhile, the decoy, aircraft and missile form a triangle, which promotes the decoy’s perfor-
mance.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With precision guided weapons equipped in modern combat
operations, a serious threat is posed to the safety of aircraft.To protect the aircraft from radar guided missile so as to
improve the survivability of aircraft on the battlefield, the
towed decoy system came into being. In the system, the decoy
is towed by flexible cable attached upon the aircraft to follow
the motion of aircraft. As a result, hostile radar is deceived so
that the missile will track down the decoy instead. Due to its
excellent combat performance, the towed decoy system has
now become an important airborne weapon. Aircraft including
F-16, B-1 B and F/A-18 have been successively equipped with
towed decoy system.1–3
Dynamic complexity of towed decoy systems manifesting as
the concussion, even the instability of the decoy as well as the
relaxation and tension of the cable, affects their final working
status and combat effectiveness. Severe dynamic problems, http://
2 D. Ma et al.have already been observed in flight trails. To predict whether
the aerial towed decoy system will function well or not,
dynamic characteristics of the system during aircraft maneu-
vering motion have to be studied. Requirements listed below
have to be met during application.4
(1) The posture of decoy should be maintained stable.
(2) Collision between decoy and aircraft should be avoided.
(3) The tension of cable should be limited within the allow-
able value.
(4) The cable should not be blown by the hot exhaust jet of
aircraft.
Throughout the literatures dealing with the towed decoy
system, radar radiation characteristics and interference mecha-
nism are mainly concerned, while the dynamic problems are
hardly involved. But for other towing systems such as low fre-
quency antenna and towing target,5–23 many researches can be
found in the past few decades.
Assuming that the tangential air drag force and steady state
cable extension are negligibly small, Zhu et al.5,6 investigated
the steady state response and stability of ballooning strings
in air as well as the dynamic response of a circularly towed
cable-body system. Modeling the towed cable-body as a
variable-length rigid-cable pendulum, Doty7 simulated the tra-
jectory of the towed body during release without considering
the drag on the cable. After that, Djerassi and Bamberger8
proposed an order-n algorithm for the simulation of the
motion of cable during deployment from two moving plat-
forms. Henderson et al.9 pointed out that active control of
the target has greater effect than passive modifications by per-
forming a fully three-dimensional simulation of the dynamic
behavior of towed cable-body system. Quisenberry and
Arena10,11 analyzed the discrete cable model and pointed that
the thin rod model was more efficient than discrete lumped
mass model with the same number of segments. Williams
et al.12–17 modeled the cable using dynamics of multi-body sys-
tems method, and then studied the stability of cable in cross
wind and in circular path. Besides, his research also focused
on the constrained path-planning, optimal control strategy
and influence of related parameters. Koh and Rong18 studied
the analytical formulation and numerical strategy based on
an iterative finite difference scheme, then analyzed the large-
displacement low-tension cable motion.
With the development of computer technology, the finite
element method has been applied to towed cable system. Zhu
and Meguid19 investigated the effect of pertinent parameters
and stability of the generalized model for aerial refueling by
using the finite element method with three-nodded, curved
beam element. Sun et al.20 modeled and analyzed the cable
using a nodal position finite element method, which calculates
the position of cable directly instead of the displacement. By
discretizing the cable and employing static equilibrium of each
element, Maixner and McDaniel21 proposed a simple and
robust solution methodology which can provide preliminary
calculations for cable in steady, non-uniform flow. Recently,
Xing and Zheng22 studied the deploying process modeling
and attitude control for a satellite with a large deployable
antenna using multi-rigid-body dynamics, hybrid coordinate
and substructure. Sun et al.23 researched the model validation
for the towed cable system described by a lumped mass exten-Please cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003sible cable using flight data and then researched optimal trajec-
tory generation for the towed cable system with tension
constants using model predictive control. Yan et al.24 investi-
gated the dynamic characteristics of towed decoy during release
based on Kane’s function and achieved satisfactory results.
Researches on low-frequency antenna and towing target
open the door for towing cable system. However, the present
methods require large amount of calculation to yield accurate
results. This paper presents an efficient way to study the
dynamic issues mentioned above. Kinetic equations based on
spinor are built, where the cable is discretized into a number
of rigid segments and the decoy is modeled as a rigid body
hinged on the cable In this instance, the tension of cable at
given moment is solved by applying tension recurrence algo-
rithm, which avoids the inversion problem of large-scale mass
matrix. In this way, the computing efficiency is significantly
improved. It is verified by numerical examples and further val-
idated by wind tunnel tests. In the simulations, relevant
parameters, such as the flight conditions are changed to study
the characteristics of the system. This paper also investigates
dynamic responses of the cable and decoy during the maneu-
vering motion of aircraft. Hopefully, the qualitative and
quantitative conclusions achieved in this research may con-
tribute to the design and application of the aerial towed decoy
system.
2. Model of towed decoy system
2.1. Dynamic equations based on spinor theory
The real towed cable is so flexible that its bending stiffness can
be neglected. Moreover, with an elastic modulus of 50 GPa,
the cable has negligibly small axial elongation during flight
but it can be compressed easily. In this case, the model we have
to employ is required to illustrate the flexibility, compressibil-
ity and little extensibility of the cable.
Accordingly, in thismodel, the towed cable is discretized into
a certain number of thin rigid rods connected by rotating hinges
where axial elongation and bending of each segment are not
taken into consideration. The first cable segment is hinged to
the aircraft while the last one is hinged to the decoy.Assume that
themass of each segment is uniformly distributed and the center
of gravity is located at its geometric center. Here we consider the
aircraft and decoy as rigid bodies as well. In this way, the towed
decoy system is converted into an open-chain multi-body sys-
tem, which is propitious to model with spinor method.
As shown in Fig. 1, the cable segments are numbered as B1
to BN in sequence. The aircraft is denoted as B0 while the decoy
is labeled as BN+1. V is the flight direction of aircraft. For clar-
ity, the point connecting the cable and aircraft is named as
‘connection point’ while the point linking the cable and decoy
is designated as ‘towing point’.
The body-fixed coordinate frame Oixiyizi is established on
the gravity center of the ith cable segment (see Fig. 2). By def-
inition, the generalized moment of inertia of the ith cable seg-
ment measured in Oixiyizi is J^ðiÞ. Velocity inversion spinor is
V^ðiÞ while the anti-symmetric matrix of which is ~^VðiÞ. Despite
that dual-number is a common expression of spinor, we
employ matrix instead, so that all operations have a uniform
matrix form in this paper.oy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
Fig. 1 Schematic diagram of aerial towed decoy system.
Fig. 2 Body-fixed coordinate frames of cable segments and decoy.
Dynamic simulation of aerial towed decoy system based on tension recurrence algorithm 3J^ðiÞ ¼ mðiÞI33 033
033 JðiÞ
 
ð1Þ
V^ðiÞ ¼ VðiÞT xðiÞT
 T ð2Þ
~^
VðiÞ ¼ ~xðiÞ 033
~VðiÞ ~xðiÞ
 
ð3Þ
where i ¼ 1 to Nþ 1; I33 is a unit matrix of order 3; mðiÞ is
the mass of the ith cable segment; JðiÞ is the inertia tensor of
the ith cable segment on point Oi; VðiÞ and xðiÞ are the cen-
troid velocity and angular velocity column matrix of the ith
cable segment measured in Oixiyizi, respectively; and ‘’ is
anti-symmetric operation symbol. The anti-symmetric opera-
tion of vector a ¼ ½ ax; ay; az T is
~a ¼
0 az ay
az 0 ax
ay ax 0
2
64
3
75 ð4Þ
The external force spinor on the ith cable segment is
F^ðiÞ ¼ HðiÞTðiÞ þUði; iþ 1ÞHðiþ 1ÞTðiþ 1Þ þ F^aðiÞ
þ F^gðiÞ ð5Þ
where F^aðiÞ is aerodynamic force spinor, F^gðiÞ gravity spinor
and TðiÞ ¼ ½Txi Tyi Tzi T the tension column matrix of the
ith cable segment measured in Oixiyizi; HðiÞ ¼ ½ I33 033 T
is used to convert the tension column matrix into spinor form;
Uði; iþ 1Þ is the spinor transformation matrix from
Oiþ1xiþ1yiþ1ziþ1 to Oixiyizi.
Uði; iþ 1Þ ¼ Wði; iþ 1Þ 033
~rði; iþ 1ÞWði; iþ 1Þ Wði; iþ 1Þ
 
ð6ÞPlease cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003where Wði; iþ 1Þ is the direction cosines matrix from
Oiþ1xiþ1yiþ1ziþ1 to Oixiyizi; rði; iþ 1Þ is the radius vector from
Oiþ1 to Oi.
Accordingly, the Newton-Euler kinetic equation in spinor
form is
J^ðiÞ _^VðiÞ þ ~^VðiÞJ^ðiÞV^ðiÞ ¼ F^ðiÞ ð7Þ2.2. Recurrence relations of cable’s tension
There are recurrence relations among cable segments in the
towed decoy system. Firstly, the recurrence relations of middle
cable segments are derived. Torsional deformation has negligi-
bly little influence on force on the cable segment. Hence, the ith
hinge displacement (shown in Fig. 3) is expressed as
sðiþ 1Þ ¼ ½ 0 uiþ1 hiþ1 T ð8Þ
Recurrence relation of velocity inversion spinor between
the ith and (i+ 1)th cable segment is
V^ðiþ 1Þ ¼ Uðiþ 1; iÞV^ðiÞ þ Gðiþ 1Þ_sðiþ 1Þ ð9ÞFig. 3 Schematic diagram of hinge displacement.
oy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
4 D. Ma et al.where Gðiþ 1Þ ¼ ½ 033; I33 T is used to convert variables in
articulated freedom into spinor form, which is orthogonal to
Hðiþ 1Þ; Uðiþ 1; iÞ is the transformation matrix of velocity
inversion spinor from Oixiyizi to Oiþ1xiþ1yiþ1ziþ1.
Uðiþ 1; iÞ ¼ Wðiþ 1; iÞ ~rðiþ 1; iÞWðiþ 1; iÞ
033 Wðiþ 1; iÞ
 
ð10Þ
Time differentiation of Eq. (9) yields the acceleration recur-
rence relation:
_^
Vðiþ 1Þ ¼ Uðiþ 1; iÞ _^VðiÞ þ Gðiþ 1Þ€sðiþ 1Þ þ aðiþ 1Þ ð11Þ
where
aðiþ 1Þ ¼ _Uðiþ 1; iÞV^ðiÞ þ _Gðiþ 1Þ_sðiþ 1Þ ð12Þ
After that, substituting Eq. (7) into Eq. (11) and left multi-
plying both sides of the equation by HTðiþ 1Þ, we can elimi-
nate €sðiþ 1Þ and obtain the following:
HTðiþ 1ÞJ^1ðiþ 1ÞF^ðiþ 1Þ
¼ HTðiþ 1ÞfUðiþ 1; iÞJ^1ðiÞF^ðiÞ Uðiþ 1; iÞJ^1ðiÞ ~^VðiÞJ^ðiÞV^ðiÞ
þ aðiþ 1Þ þ J^1ðiþ 1Þ ~^Vðiþ 1ÞJ^ðiþ 1ÞV^ðiþ 1Þg ð13Þ
Finally, substitution of Eq. (5) into Eq. (13) yields the
recurrence relation of middle cable segments:
Tðiþ 2Þ ¼ Q1ðiþ 2ÞAðiþ 2ÞTðiþ 1Þ þQ1ðiþ 2Þ
Bðiþ 2ÞTðiÞ þQ1ðiþ 2ÞCðiþ 2Þ ð14Þ
where
Qðiþ 2Þ ¼ HTðiþ 1ÞJ^1ðiþ 1ÞUðiþ 1; iþ 2ÞHðiþ 2Þ
Aðiþ 2Þ ¼ HTðiþ 1ÞUðiþ 1; iÞJ^1ðiðUÞi; iþ 1ÞHðiþ 1Þ
HTðiþ 1ðJ^1ðiþ 1ÞHðiþ 1Þ
Bðiþ 2Þ ¼ HTðiþ 1ÞUðiþ 1; iÞJ^1ðiÞHðiÞ
Cðiþ 2Þ ¼ HTðiþ 1ÞUðiþ 1; iÞJ^1ðiÞ½F^aðiÞ þ F^gðiÞ
HTðiþ 1ÞJ^1ðiþ 1Þ½F^aðiþ 1Þ þ F^gðiþ 1Þ
þHTðiþ 1Þ½Uðiþ 1; iÞJ^1ðiÞ ~^VðiÞJ^ðiÞV^ðiÞ
þJ^1ðiþ 1Þ ~^Vðiþ 1ÞJ^ðiþ 1ÞV^ðiþ 1Þ þ aðiþ 1Þ
8>>>>>>>>><
>>>>>>>>>:
ð15Þ
Similarly, the recurrence relation of tension of segment con-
nected to the aircraft and segment attached to the towed decoy
are derived as Eqs. (16) and (17), respectively.
Tð2Þ ¼ Q1ð2ÞAð2ÞTð1Þ þQ1ð2ÞCð2Þ ð16Þ
0 ¼ AðNþ 2ÞTðNþ 1Þ þ BðNþ 2ÞTðNÞ þ CðNþ 2Þ ð17Þ
where
Qð2Þ ¼ HTð1ÞJ^1ð1ÞUð1; 2ÞHð2Þ
Að2Þ ¼ HTð1ÞUð1; 0ÞJ^1ð0ÞUð0; 1ÞHð1Þ
HTð1ÞJ^1ð1ÞHð1Þ
Cð2Þ ¼ HTð1ÞUð1; 0ÞJ^1ð0Þ½F^að0Þ þ F^gð0Þ
HTð1ÞJ^1ð1Þ½F^að1Þ þ F^gð1Þ
þHTð1Þ½Uð1; 0ÞJ^1ð0Þ ~^Vð0ÞJ^ð0ÞV^ð0Þ
þJ^1ð1Þ ~^Vð1ÞJ^ð1ÞV^ð1Þ þ að1Þ
8>>>>>>>><
>>>>>>>:
ð18ÞPlease cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003AðNþ 2Þ ¼ HTðNþ 1ÞUðNþ 1;NÞJ^1ðNÞUðN;Nþ 1Þ
HðNþ 1Þ HTðNþ 1ÞJ^1ðNþ 1ÞHðNþ 1Þ
BðNþ 2Þ ¼ HTðNþ 1ÞUðNþ 1;NÞJ^1ðNÞHðNÞ
CðNþ 2Þ ¼ HTðNþ 1ÞUðNþ 1;NÞJ^1ðNÞ½F^aðNÞ þ F^gðNÞ
HTðNþ 1ÞJ^1ðNþ 1Þ½F^aðNþ 1Þ þ F^gðNþ 1Þ
þHTðNþ 1Þ½UðNþ 1;NÞJ^1ðNÞ ~^VðNÞJ^ðNÞV^ðNÞ
þJ^1ðNþ 1Þ ~^VðNþ 1ÞJ^ðNþ 1ÞV^ðNþ 1Þ þ aðNþ 1Þ
ð19Þ
Consequently, the recurrence relations of sequence fTð1Þ;
Tð2Þ; . . . ;TðNÞ;TðNþ 1Þg are summarized as follows:
Tð2Þ ¼ Q1ð2ÞAð2ÞTð1Þ þQ1ð2ÞCð2Þ
Tðkþ 2Þ ¼ Q1ðkþ 2ÞAðkþ 2ðTÞkþ 1Þ
þQ1ðkþ 2ÞBðkþ 2ÞTðkÞ þQ1ðkþ 2ÞCðkþ 2Þ
0 ¼ AðNþ 2ÞTðNþ 1Þ þ BðNþ 2ÞTðNÞ þ CðNþ 2Þ
8>><
>>:
ð20Þ3. Tension recurrence algorithm
As seen from Eq. (20), 0 ¼ aTð1Þ þ b is contained implicitly.
As a result, once the column matrix b and square matrix a
are derived, tension of first segment will be obtained by
Tð1Þ ¼ a1b. Substitution of Tð1Þ into Eq. (20) yields all
the rest tensions. The recurrence relations are only related to
the displacement and velocity of the system, but are irrelevant
to the acceleration. Accordingly, matrix b and square matrix a
at given moment are available although the acceleration is
unknown.
According to the coefficient matrixes Q, A, B and C in Eqs.
(15), (18) and (19), we construct the recurrence sequence
f q1; q2;    qN; qNþ1 j q 2 R3 g that subjects to rela-
tions as follows:
q2 ¼M1ð2Þ½Að2Þq1 þ Cð2Þ
qiþ2 ¼M1ðiþ 2Þ½Aðiþ 2Þqiþ1 þ Bðiþ 2Þqi þ Cðiþ 2Þ
qNþ2 ¼ AðNþ 2ÞqNþ1 þ BðNþ 2ÞqN þ CðNþ 2Þ
i ¼ 1 to N 2
8>><
>>:
ð21Þ
Eq. (21) implicitly contains qNþ1 ¼ aq1 þ b whose null point
is q0 ¼ a1b, i.e., the tension of first cable segment Tð1Þ.
Steps to solve Newton-Euler kinetic equation of the towed
decoy system are posed as follows:
Step 1. Calculate column matrix b.
Setting q1 ¼ 031 and substituting it into Eq. (21), we can
get qNþ2.
b ¼ qNþ2 ð22Þ
Step 2. Calculate square matrix a.
Setting kth row of q1 as 1 and other rows as 0, then substi-
tuting it into Eq. (21), we can get qNþ2. Thus, the kth column of
a can be expressed as Eq. (23). Matrix a is obtained by calcu-
lating every ak ðk ¼ 1; 2; 3Þ.
ak ¼ qNþ2  b ð23Þ
Step 3. Calculate the tension of cable segments.oy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
Fig. 5 Time response of multi-pendulum where the total number
of rods is 300.
Table 1 Time spent on simulation of multi-pendulum system.
Number of rod Time spent on simulation (s)
Tension recurrence algorithm Kane’s function
2 0.05 0.08
10 0.9 4.3
50 26 140
100 91 573
200 318 2231
300 661 6088
400 1109 13250
500 1657 24840
Dynamic simulation of aerial towed decoy system based on tension recurrence algorithm 5Tð1Þ can be solved by Tð1Þ ¼ q0 ¼ a1b. Substitution of
Tð1Þ into Eq. (20) yields other tensions fTð2Þ; Tð3Þ;    ;
TðNÞ;TðNþ 1Þg.
Step 4. Calculate the acceleration of the system.
Substitution of the tension of cable segments into Eq. (7)
yields the acceleration of towed decoy system. Here we sup-
pose that the artificially given movement of the aircraft will
not be affected by the towed decoy. In the following instances,
researches will focus on the dynamic response of cable and
decoy.
4. Numerical method validations
4.1. Exemplification
Kane’s function is a common method to establish dynamic
equations for discrete system. It can be used in complex system
with multi-degree of freedom.25 Yan et al. investigated the
dynamic characteristics of towed decoy during release based
on Kane’s function in Ref.24 and achieved satisfactory results.
Therefore, in this section, the efficiency of tension recurrence
algorithm is verified by numerical simulations compared with
Kane’s function.
A compound multi-pendulum (shown in Fig. 4) is consid-
ered. Fig. 5 demonstrates the time response of a multi-
pendulum where the rod number is amount to 300. The rods
have a uniform mass of 0.5 kg and a length of 0.1 m. The ini-
tial conditions at t ¼ 0 are u1 ¼ u2 ¼    ¼ u300 ¼ p=3 rad,
_u1 ¼ _u2 ¼    ¼ _u300 ¼ 0 rad=s.
Tension recurrence algorithm in this paper has the same
results with Kane’s function derived in Ref.24. The results
are always consistent with rod number increasing since the
dynamics equations and Kane’s function are essentially the
same.
Time spent on simulation increases with rod number in the
multi-pendulum, as illustrated in Table 1. Note that simulation
for compound double pendulum with tension recurrence algo-
rithm only takes 0.05 s while simulation employing Kane’s
function takes 0.08 s. The difference is even more significant
when rod number is up to 100 in multi-pendulum systems.
Tension recurrence algorithm avoids the inversion problem
of large-scale mass matrix. Accordingly, the computation com-
plexity for calculating the towed decoy system is lower than
Kane’s function. By adopting this algorithm, the computing
speed significantly increases. In addition, since the tension
recurrence algorithm is easy to program, the demand of rapid
analysis for engineering is satisfied.Fig. 4 Schematic diagram of compound multi-pendulum.
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In order to further verify the numerical method and observe
the motion of towed decoy system, wind tunnel tests are con-
ducted under some specific situations. The experiments are
performed in the 3.5 m single-loop low-speed wind tunnel at
Aviation Industry Corporation of China (AVIC) Aerodynam-
ics Research Institute in Harbin. The main test section is nom-
inally 3.5 m  2.5 m in cross-section and 5.5 m in length. The
maximum wind velocity is 73 m/s, with an average turbulence
intensity of 0.1675%.
As shown in Fig. 6, the aircraft model is clamped on the
tunnel wall with an adjustable angle of attack, where the towedoy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
Fig. 6 Aircraft model in wind tunnel. Fig. 7 Synchronous observation using three high-speed cameras.
Table 2 Parameters of towed cable in
wind tunnel tests.
Parameter Value
Total length (m) 4.2
Diameter (mm) 0.9
Linear density (g/m) 3.5
Table 3 Parameters of towed decoy in wind tunnel tests.
Parameter Value
Mass md (g) 81
Cross sectional diameter dd (mm) 17.5
Length ld (mm) 142
Distance from decoy’s nose to towing point xt (mm) 38
Distance from decoy’s nose to center of gravity xg (mm) 58
Distance from decoy’s nose to aerodynamic center xac
(mm)
118
Moment of inertia (kg∙mm2)
Ixx 4.3
Iyy 210
Izz 210
Product of inertia (kg∙mm2)
Ixz 0.4
Ixy 0
Iyz 0
6 D. Ma et al.cable system is joined on the ventral position of aircraft. The
cable is made of nylon and the decoy is made of aluminum
alloy. Tables 2 and 3 show the physical parameters of cable
and decoy, respectively. The position and altitude of decoy
are observed by three high-speed cameras with a sampling fre-
quency of 1000 s1 which are placed outside of the wind tunnel
as illustrated in Fig. 7. Based on binocular vision theory, the
camera is applied with synchronous control method to recon-
stitute the objects accurately. A high-precision tension sensor
is installed at aircraft model to measure the tension of cable
at connection point.
The experiments are operated in constant flow with speeds
of 30 m/s, 40 m/s and 50 m/s, respectively. For comparison,
simulations under the same conditions are also performed.
Fig. 8 shows the shape of cable and altitude of decoy at a wind
speed of 40 m/s. We can see that the simulation results are con-
sistent with wind tunnel tests. Results also indicate that the
number of segments barely exerts any effect on the shape of
cable in steady flow.Please cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003The dynamic process of towed decoy system is obtained as
the speed of wind uniformly increases from 30 m/s to 50 m/s at
an acceleration rate of 2 m/s2. The tension of the cable and
pitching angle of the decoy during this process are demon-
strated in Fig. 9 where the start time of acceleration is set as
t= 0 s.
Results indicate that the number of segments in thin rod
model has a great effect on the accuracy of simulation during
non-stationary motion. The fidelity of simplified physical
model is higher with more segments. It also turns out that
the simulation results are basically consistent with wind tunnel
tests when the segment number of cable amounts to 300.
5. Numerical simulations
5.1. Input data
Numerical simulation requires complete mass, inertia and
aerodynamic data of the cable and decoy to yield correct
results. The towed decoy system data are divided into two
parts: physical data (weight, geometry and moments of inertia)
and aerodynamic data (force and moment coefficients), which
are presented below.
5.1.1. Physical data
The relevant physical parameters of the cable and decoy are
listed in Tables 4 and 5, respectively.
5.1.2. Aerodynamic data
(1) Aerodynamic force of cable
The real towed cable is so flexible that it is difficult to pre-
dict the aerodynamic force on it accurately. So in our case, the
engineering empirical formulas proposed by Jaremenko26 are
employed to calculate the aerodynamic force on the cable
segments.
As demonstrated in Fig. 10, the aerodynamic force on the
ith cable segment is calculated by
FaðiÞ ¼ 0:5qdili CtjVtaij2 CnjVnaij2 Cb jVbaij2
h iT ð24Þ
where q is air density, di the diameter of the ith cable segment
and li the length of the ith cable segment; Ct, Cn and Cb stand
for the cable’s coefficient of drag in the tangent, normal and
binormal directions in the corresponding Reynolds number
and Mach number, respectively; Vtai, V
n
ai and V
b
ai represent air-
speed component in the tangent, normal and binormal direc-
tion, respectively.oy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
Fig. 8 Shape of cable and altitude of decoy at a wind speed of
40 m/s.
Fig. 9 Tension of cable and pitching angle of decoy during
acceleration movement.
Table 4 Parameters of towed cable in
numerical simulations.
Parameter Value
Total length (m) 100
Diameter (m) 0.004
Linear density (g/m) 30
Dynamic simulation of aerial towed decoy system based on tension recurrence algorithm 7(2) Aerodynamic force of decoy
In the airflow coordinates, decoy’s aerodynamic lift La,
drag Da and pitching moment Ma are calculated by
La ¼ 0:5qV2dSdCL
Da ¼ 0:5qV2dSdCD
Ma ¼ 0:5qV2dSdddCm
8><
>: ð25Þ
where Vd is the airspeed of decoy; Sd is the reference area of
aerodynamic coefficients, which is the cross-sectional area of
decoy; CL, CD and Cm represent aerodynamic coefficients of
lift, drag, and pitching moment, respectively; The pitching
moment coefficient Cm is a function of angle of attack a; time
rate of change of the angle of attack _a and pitching velocity q.
The shape of decoy is bilaterally and vertically symmetrical,
as shown in Fig. 11. Consequently, the longitudinal and lateral
aerodynamic characteristics of decoy will be consequently the
same. Aerodynamic characteristics of decoy obtained by the
CFD method are illustrated in Fig. 12.
5.2. Influence of segment number
Simulations are performed to study the influence of segment
number under real flight conditions. Assume that during
t= 0–2 s, the aircraft flies at 9 km altitude and a speed of
Mach number 0.6. Then at t= 2 s, the aircraft begins to accel-
erate uniformly at an acceleration rate of 10 m/s2 and eventu-
ally speeds up to Mach number 0.8. The acceleration process
lasts for 6 s. After that, it keeps uniform motion at a speed
of Mach number 0.8.
Here we pay attention to two physical parameters in this
process: maximum tension at connection point and oscillationPlease cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003amplitude of pitching angle which is defined as the difference
value between the maximum and minimum values. Results
indicate that the number of segments in thin rod model has
great effect on the accuracy of simulation during non-
stationary motion, as illustrated in Figs. 13 and 14. But when
segment number exceeds over 300, simulation results remain
almost unchanged. Hence, in subsequent calculations, the seg-
ment number of cable is chosen to be 300 so as to yield accu-
rate results.
5.3. Results and discussion
5.3.1. Steady flight
(1) Influence of flight conditions:
Assuming that the aircraft flies a steady-level straight path
at 9 km altitude, the shapes of the towed cable at different
speeds are illustrated in Fig. 15. It indicates that the cableoy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
Table 5 Parameters of towed decoy in numerical simulations.
Parameter Value
Mass md (kg) 5
Length ld (m) 0.65
Cross-section diameter dd (m) 0.08
Distance from decoy’s nose to towing point xt (m) 0.12
Distance from decoy’s nose to center of gravity xg (m) 0.27
Distance from decoy’s nose to aerodynamic center xac (m) 0.54
Moment of inertia (kg∙mm2)
Ixx 3000
Iyy 10200
Izz 10200
Product of inertia (kg∙mm2)
Ixz 0
Ixy 0
Iyz 0
Fig. 10 Schematic diagram of aerodynamic force on cable
segment.
Fig. 11 Shape of decoy.
Fig. 12 Aerodynamic force coefficients of decoy vs angle of
attack.
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Please cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003nearby the decoy exhibits a large curvature, while the cable
close to the aircraft approximates a straight line. Tension grad-
ually increases along the length of cable from the decoy to the
aircraft (see Fig. 16). As the flight speed increases, the pitching
angle of decoy decreases but aerodynamic force on the decoy
barely changes, as shown in Fig. 17. Therefore, the tension
of cable at the towing point almost remains unchanged with
speed (see Fig. 18). However, since the aerodynamic force on
the cable is proportional to the square of speed, the maximum
tension of cable non-linearly increases. The vertical offset of
decoy decreases with speed as the aerodynamic force on cable
is mainly in normal direction.
Assuming that the aircraft flies a steady-level straight path
at Mach number 0.7, as shown in Fig. 19, the angle between
cable and horizontal line increases with flight altitude.
Fig. 20 illustrates the distribution of tension along the cable
at different flight altitudes. The density of air decreases with
flight altitude, but the pitching angle of decoy increases (shown
in Fig. 21). As a result, the aerodynamic force on the decoy
barely changes, so does the tension of cable at towing point.
Figs. 21 and 22 show that the vertical offset of decoy and
the maximum tension of the cable non-linearly vary with
altitude.
(2) Influence of towing point and decoy’s center of gravity:
For conventional air vehicle, the aerodynamic center
locates behind the center of gravity to ensure the longitudinal
static stability. The aerodynamic center of decoy hardly
changes as the flight Mach number increases within subsonic
range. In this instance, the aerodynamic center of decoy locates
far behind the decoy’s center of gravity due to the position of
wing. Consequently, the aerodynamic center barely affects the
stability of towed decoy system. Therefore, in this section,
studies mainly focus on the influence of towing point and the
decoy’s center of gravity. Simulation results show that xt and
xg will affect whether the system can reach an equilibrium
state, where the position of decoy and shape of cable keep
stable.
For example, at H= 9 km, Ma= 0.7, when fixing
xg ¼ 0:27 m, as Fig. 23 suggests, the pitching angle of decoy
decreases with xt. The maximum tension of cable almost keeps
constant. If xt > 0:26 m, the decoy will not achieve a stable
equilibrium position. Similarly, when fixing xt ¼ 0:12 m, as
shown in Fig. 24, the pitching angle of decoy increases withFig. 13 Maximum tension at connection point vs segment
number.
oy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
Fig. 14 Oscillation amplitude of pitching angle vs segment
number.
Fig. 15 Shape of cable at different flight speeds (H= 9 km).
Fig. 16 Distribution of tension along cable at different flight
speeds (H= 9 km).
Fig. 17 Pitching angle and vertical offset of decoy vs flight Mach
number (H= 9 km).
Fig. 18 Maximum tension of cable and tension at towing point
vs flight Mach number (H= 9 km).
Fig. 19 Shape of cable at different flight altitudes (Ma= 0.7).
Dynamic simulation of aerial towed decoy system based on tension recurrence algorithm 9xg. The maximum tension of cable almost keeps constant. If
xg < 0:13 m, the decoy will not converge.
Results show that the towing point has to locate before the
center of gravity. For the stability of system, the stability mar-
gin is suggested to be 5% of the length of decoy’s body.
Results also indicate that the convergence time increases with
the distance between the towing point and the decoy’s center
of gravity. It is because that the coupling effects of cable’s ten-
sion and the oscillation amplitude of decoy’s position are pro-
portional to jxg  xtj. Therefore, the value of jxg  xtj is
recommended to be less than 20% of the length of decoy’sPlease cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003body. However, this threshold value varies with the physical
and aerodynamic characteristics of cable and decoy.
5.3.2. Accelerated motion
Assume that during t= 0–2 s, the aircraft flies at 9 km altitude
and a speed of Mach number 0.6. Then at t= 2 s, the aircraft
begins to accelerate uniformly at the acceleration rate of 10 m/s2
and eventually speeds up to Mach number 0.8. The acceleration
process lasts for 6 s.After that, it keeps uniformmotion at a speed
of Mach number 0.8.oy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
Fig. 20 Distribution of tension along cable at different flight
altitudes (Ma= 0.7).
Fig. 21 Pitching angle and vertical offset of decoy vs flight
altitude (Ma= 0.7).
Fig. 22 Maximum tension of cable and tension at towing point
vs flight altitude (Ma= 0.7).
Fig. 23 Pitching angle of decoy and maximum tension of cable
vs xt.
Fig. 24 Pitching angle of decoy and maximum tension of cable
vs xg.
Fig. 25 Maximum tension of cable during aircraft constant
acceleration movement.
10 D. Ma et al.As illustrated in Fig. 25, the tension of the cable increases
gradually during the acceleration motion. The maximum ten-
sion reaches 325 N at t= 7.8 s. After that, it fluctuates within
the range of 260–320 N and eventually converges to a constant
value until t= 16 s. Fig. 26 presents that the pitching angle of
decoy starts increasing at t= 2 s, then decreases with fluctua-
tion. After the acceleration motion, it fluctuates within a nar-
row range and eventually converges to a constant value until
t= 20 s. The shape of cable during this process is shown in
Fig. 27.Please cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003There are high-frequency oscillations in the simulation
results. It is because once the flight speed changes, the aerody-
namic force on cable and decoy changes immediately, which
will result in the simultaneous altitude change of decoy. Due
to the dynamic stability, the additional aerodynamic force
drives towed decoy to previous state again. But this period is
very short (about 0.1 s). That’s how the high-frequency oscilla-
tions occur. Finally, the oscillations disappear on account of
aerodynamic damping.oy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
Fig. 26 Pitching angle of decoy during aircraft constant accel-
eration movement.
Fig. 27 Shape of cable during aircraft constant acceleration
movement.
Fig. 28 Maximum tension of cable during aircraft up-risen
maneuver.
Fig. 29 Shape of cable during aircraft up-risen maneuver
(x ¼ 0:20 rad=s).
Fig. 30 Shape of cable during aircraft turning movement
(x ¼ 0:20 rad=s).
Fig. 31 Maximum tension of cable during aircraft turning
movement.
Dynamic simulation of aerial towed decoy system based on tension recurrence algorithm 11This phenomenon is also found in wind tunnel tests, as
shown in Fig. 9. But different from simulation results of phys-
ical model, the oscillations in wind tunnel tests are smaller
because of the structural damping of cable, which is not taken
into consideration in the physical model.
5.3.3. Up-risen maneuver
Suppose that during t= 0–2 s, the aircraft flies at 9 km alti-
tude and a speed of Mach number 0.6. Then at t= 2 s, the air-Please cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003craft begins to rise up at the angular velocity x= 0.20 rad/s.
As the pitching angle of aircraft increases, the angle between
gravity and aerodynamic force reduces. Accordingly, the max-
imum tension of cable increases with fluctuation, which is
shown in Fig. 28. As a result, the cable is straightened as illus-
trated in Fig. 29.
Researches indicate that the cable and flight path becomes
closer as the angular velocity of aircraft gets larger. Note that
in this process, the cable may enter the hot exhaust jet of air-
craft, risking of being blown. So the value of angular velocity is
suggested to be less than 0.10 rad/s. However, this restrictionoy system based on tension recurrence algorithm, Chin J Aeronaut (2016), http://
12 D. Ma et al.also depends on the area of hot exhaust jet, which varies with
the engine state.
5.3.4. Turning movement
Assume that the aircraft begins to turn right at the angular
velocity of 0.20 rad/s at t= 0 s. Fig. 30 demonstrates the flight
path and shape of cable. The horizontal projection of cable is
located outside of the circular path. During the turning move-
ment of aircraft, the cable’s extent of stretching outwards is
proportional to the aircraft’s angular velocity, which is benefi-
cial to avoiding the aircraft exhaust jet. Meanwhile, the decoy,
aircraft and missile form a triangle, which promotes the
decoy’s performance. There is an extra centrifugal force during
this process, so that the tension of cable is greater than that
during the straight flight at the same speed magnitude (see
Fig. 31). The average differential value is about 20 N. It will
increase with the angular velocity of the aircraft.
6. Conclusions
(1) The computation complexity of tension recurrence algo-
rithm for calculating the towed decoy system is directly
proportional to the number of rigid segments, which is
lower than the usual numerical solution methods. The
computing speed is significantly improved when segment
number is up to 100. The results of simulation based on
tension recurrence algorithm are basically consistent
with wind tunnel tests when the segment number of
cable amounts to 300. So the demand of rapid analysis
for engineering is easily satisfied.
(2) The tension gradually increases along the length of cable
from the decoy to aircraft. The maximum tension
increases with flight speed and decreases with altitude
while tension at the towing point almost remains
unchanged at different flight speeds and altitudes. The
vertical offset and pitching angle of decoy decrease with
flight speed and increase with altitude.
(3) The relative position of the towing point and the decoy’s
center of gravity barely affect the cable’s shape and ten-
sion, but will greatly affect whether the system can reach
equilibrium. The towing point is suggested to locate
before the center of gravity for the stability of system.
Distance between the towing point and the decoy’s cen-
ter of gravity is recommended to be 5%-20% of the
length of decoy body. However, this threshold value var-
ies with the physical and aerodynamic characteristics of
cable and decoy.
(4) In up-risen maneuver process, the cable and flight path
become closer as the angular velocity of aircraft gets lar-
ger. The cable may enter the hot exhaust jet of aircraft in
this process, risking of being blown. The value of angu-
lar velocity is suggested to be less than 0.10 rad/s. How-
ever, this restriction depends on the area of hot exhaust
jet which varies with the engine state.
(5) In turning movement process, the tension of cable is
greater than that during the straight flight at the same
speed magnitude. The cable’s extent of stretching out-
wards is proportional to the aircraft’s angular velocity.
This is beneficial to avoiding the aircraft exhaust jet.
Meanwhile, the decoy, the aircraft and the missile form
a triangle, which promotes the decoy’s performance.Please cite this article in press as: Ma D et al. Dynamic simulation of aerial towed dec
dx.doi.org/10.1016/j.cja.2016.09.003References
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